Land cover changes associated with urbanization have negative effects on downstream ecosystems. Contemporary urban development attempts to mitigate these effects by designing stormwater infrastructure to mimic predevelopment hydrology, but their performance is highly variable. This study used in situ monitoring of recently built neighbourhoods to evaluate the catchment-scale effectiveness of landscape decentralized stormwater control measures (SCMs) in the form of street connected vegetated swales for reducing runoff volumes and flow rates relative to curb-and-gutter infrastructure. Effectiveness of the SCMs was quantified by monitoring runoff for 8 months at the outlets of 4 suburban catchments (0.76-5.25 ha) in Maryland, USA. Three "grey" catchments installed curb-and-gutter stormwater conveyances, whereas the fourth "green" catchment built parcel-level vegetated swales. The catchment with decentralized SCMs reduced runoff, runoff ratio, and peak runoff compared with the grey infrastructure catchments. In addition, the green catchment delayed runoff, resulting in longer precipitation-runoff lag times. Runoff ratios across the monitoring period were 0.13 at the green catchment and 0.37, 0.35, and 0.18 at the 3 grey catchments. Runoff only commenced after 6 mm of precipitation at the decentralized SCM catchment, whereas runoff occurred even during the smallest events at the grey catchments. However, as precipitation magnitudes reached 20 mm, the green catchment runoff characteristics were similar to those at the grey catchments, which made up 37% of the total precipitation in only 10 of 72 events. Therefore, volume-based reduction goals for stormwater using decentralized SCMs such as vegetated swales require additional redundant SCMs in a treatment train as source control and/or end-of-pipe detention to capture a larger fraction of runoff and more effectively mimic predevelopment hydrology for the relatively rare but larger precipitation events.
| INTRODUCTION
Urbanization and its associated land cover changes have predictable effects on the hydrology and ecology of downstream lotic ecosystems.
Decreases in baseflow and increases in flood frequency, streamflow discharge, runoff volume, pollutant yield, and the magnitude and frequency of flooding all correlate with the extent of urban and suburban land use and the timing of long-term patterns of development (Braud et al., 2013; Hopkins et al., 2015; Jacobson, 2011; Jennings & Jarnagin, 2002; Prosdocimi, Kjeldsen, & Miller, 2015) . These changes result in what is known as the urban stream syndrome, characterized by flashy hydrographs, high rates of erosion, and decreased biodiversity (Walsh, Fletcher, & Ladson, 2005) .
Widespread acknowledgement of the negative impacts of an altered flow regime on downstream waters led to the concept of low impact development (LID). There are several terms that encompass similar principles and ideas to LID, such as sustainable urban drainage systems, water sensitive urban design, green infrastructure (GI), best management practices (BMPs), and stormwater control measures (SCMs), the last of which is the current U.S. convention (Fletcher et al., 2015; Jefferson et al., 2017) .
The traditional strategy for mitigating the impacts of urbanization on downstream ecosystems was directing runoff away from developed areas as quickly as possible while reducing peak flows using centralized detention basins near the receiving stream; however, this strategy often exacerbates the effects of urbanization downstream rather than alleviate its problems (Smith, Smith, Baeck, Villarini, & Wright, 2013) . For example, the persistence of impervious surfaces and storm sewers in traditional design reduces infiltration and limits stormwater flow through natural pathways (Sparkman, Hogan, Hopkins, & Loperfido, 2017) .
With respect to water resources, sustainable urban development in the USA focuses on the use of SCMs to promote infiltration, evaporation, and storage of stormwater runoff close to the source (Vogel et al., 2015) . These strategies target managing runoff volume and timing, rather than primarily reducing peak flows, and are hypothesized to mimic a more natural hydrologic regime (Booth, Hartley, & Jackson, 2002) . Decentralized parcel-scale actions that retain stormwater at or close to the sources are seen as critical components to achieving more natural hydrologic outcomes , although this strategy is hindered by space constraints at individual land parcels and financial, administrative, and political challenges facing watershed managers and practitioners (Keeley et al., 2013) . Uncertainty in performance of decentralized stormwater management techniques and LID was identified by Roy et al. (2008) as one of the major impediments to implementing sustainable urban stormwater management. Studies have found high variability in the outcomes of decentralized GI both at the parcel (Carmen, Hunt, & Anderson, 2016; Thurston et al., 2008) and neighbourhood (Jarden, Jefferson, & Grieser, 2015; Shuster & Rhea, 2013) scale. Watershed-scale response to urbanization and SCM networks varies locally and regionally and can be unpredictable (Jefferson et al., 2017) . Therefore, there is a need to clarify the ability and reliability of specific SCMs networks to meet watershed management goals.
Additionally, it is increasingly common for both GI and grey engineered hydrologic structures to be designed to perform multiple ecosystem services that are compromised by urban development. These services range from improving water quality and reducing pollutant yield to providing wildlife habitat and urban heat island mitigation. Stormwater management in the Chesapeake Bay watershed is focused on reducing nutrient and sediment loads from urban watersheds and agricultural lands because excessive nutrients in urban runoff have been linked to downstream eutrophication (Balascio & Lucas, 2009; Koch et al., 2015) . Although there is a great deal of uncertainty in the biogeochemical performance of SCMs in reducing nitrogen loads (Filoso, Smith, Williams, & Palmer, 2015; Koch, Febria, Gevrey, Wainger, & Palmer, 2014) ; empirical investigations suggest that much of this performance is driven by flow dynamics (Passeport et al., 2013) and the delivery of nutrients during large stormflows. Therefore, mimicking natural hydrologic regimes through watershed restoration and the informed design of new developments may also help meet watershed managers' goals for nutrient load reduction.
Simultaneous to rapid urban development, precipitation events are projected to become more frequent and intense in the mid-Atlantic and northeast USA (Min, Zhang, Zwiers, & Hegerl, 2011; Moglen & Rios Vidal, 2014; Najjar et al., 2010) . The intensity and frequency of rainfall events, as well as the total amount and spatial arrangement of impervious areas, can affect the rainfall-runoff relationship of developed catchments and their capacity to infiltrate runoff. Even at small scales, the performance of SCM networks depends on numerous site-and storm-specific variables (Carmen et al., 2016) . Monitoring and assessing the performance of SCMs under a range of environmental conditions is necessary to understand how they can be implemented during development to perform reliably in the future. However, relatively few studies have performed catchment-scale monitoring assessments of GI (Jarden et al., 2015) , and their cumulative effects are difficult to quantify at the catchment scale (Jefferson et al., 2017) . There is also a discrepancy between the demonstrated effectiveness of individual SCMs and of measures applied extensively over newly urbanized areas, with mixed results observed for retrofits of urban areas (Jarden et al., 2015) . This highlights the need for studies aimed at understanding the mechanisms which promote effectiveness of decentralized SCMs in a variety of settings and scales under varying environmental conditions. We evaluated the effectiveness of parcel-level decentralized landscape SCMs in reducing stormwater runoff volumes and flow rates by comparing runoff from four small suburban neighbourhood catchments in Montgomery County, MD USA. Although all the catchments have "end-of-pipe" SCMs that collect and treat stormwater from storm drains before it enters headwater streams, one catchment that was monitored was built with decentralized landscape SCMs: vegetated swales lining the roadway of all parcels to intercept, infiltrate, and slow stormwater before draining to the sewer network. The use of vegetated swales as a conveyance system for landscape runoff acts as a decentralized source control strategy for stormwater and is hypothesized to reduce runoff volumes and peak flows while increasing lag times at the catchment outlet and to ultimately reduce the burden of development on downstream aquatic ecosystems.
We quantified the effectiveness of the decentralized landscape SCMs at the catchment scale by comparing runoff characteristics from the different neighbourhoods. The specific objectives were to (a) evaluate whether decentralized SCMs mitigated the rainfall-runoff relationship relative to traditional curb-and-gutter infrastructure, (b) test whether the variability in runoff responses was explained by rainfall event characteristics, and (c) estimate the cumulative effect of decentralized landscape SCMs on catchment water yield for stormflows. Results are compared to two rainfall-runoff models of contrasting complexity that would be potentially used as a screening tool by site developers, landscape architects, or city planners intending to implement parcel-level vegetated swales. The catchments are in the Piedmont Plateau Physiographic Province, with underlying crystalline bedrock consisting of a phyllite/slate unit (Dicken et al., 2008) . The CSPA topography is characterized by rolling hills, varying between 110 and 215 m above sea level, with mean basin slopes ranging from 6% to 11%. Soil profiles provided by the Soil Survey Staff (2016) indicate that Foreman Blvd and Robin Song soils are loams in hydrologic soil Group B, whereas Blue Sky and Cherry Branch soils are primarily channery silt loams from hydrologic soil Group C. The mean annual precipitation is 1,023 mm, and the mean annual daily minimum and maximum temperatures are 8.7 and 17.6°C, respectively, from the Maryland State Climatologist Office Observed Climate Normals for Rockville, MD (Arguez et al., 2012) located 23 km southeast of the study area. There is an average of 94 days/year with precipitation, including 4 days with snow and 26 days with temperatures below freezing. Precipitation amounts through the year are relatively evenly distributed with slight peaks in the spring and autumn, whereas the summer has stronger storms of less frequent occurrence (R. E. Davis, Demme, & Dolan, 1993) .
| Monitoring sites
Modified Anderson (1976) Level 1 land use/land cover was mapped for the study catchments (Table 1) LiDAR, building footprints, and storm sewer inlets and pipes. Maps of the stormwater systems were generated by digitizing SCM and storm sewer system information from field inspections and construction asbuilt drawings into a geographic information systems environment.
These details included georeferenced lines for swales and storm sewers, points for nodes (grates, splitters, etc.) , and SCM attributes such as volume, area, and descriptions. The shape of the catchments was described by their calculating width:length (W:L) ratio (where the longest flow path perpendicular to the outflow is the length and the longest distance FIGURE 1 Study site, the Clarksburg Special Protection Area in Montgomery County, MD, USA perpendicular to that path is the width). Catchments with a W:L ratio less than one are longer than they are wide, whereas catchments with a W:L ratio greater than one are wider than they are long.
The four neighbourhood-scale catchments were classified based on their absence or presence of decentralized landscape SCMs. Three catchments, Blue Sky, Cherry Branch, and Robin Song, were classified as "grey" due to their traditional curb-and-gutter stormwater infrastructure ( Figure 3a) . The management goal of the grey curb-and-gutter systems is to quickly convey water off the impervious surfaces.
Blue Sky and Cherry Branch consist of one residential street with housing on either side. However, they differ in shape and density of storm sewers ( Foreman Blvd was classified as "green" due to street-connected vegetated swales for conveying stormwater on all parcels, disconnected roof drainage, and a lower proportion of total impervious surfaces ( Figure 3b ). The management goal at Foreman Blvd is to create disconnections in the impervious surfaces and slow runoff and promote infiltration across the neighbourhood. The swales had a triangular shape with a side slope of 3:1 (33%), longitudinal slope of 2%, with a 457 mm (18 in.) underlying layer of permeable soil mixture of 1:2 sand/topsoil mix, and with grass maintained to 51-76 mm (2-3 in.)
height. The catchment consists of three residential streets connected to vegetated swales that drain to a fourth street that has vegetated swales with storm sewer underdrains. Runoff from roofs, driveways, sidewalks, lawns, and streets are generally routed to the vegetated swales before being routed to the catchment outlet, thereby creating indirect connections to the storm sewer network. Foreman Blvd is the largest catchment, has a catchment W:L ratio of 7.6, a storm sewer density of 108 m/ha, and has the lowest housing density (Table 1) .
Precipitation was monitored at 5-min intervals from April through Onset HOBO U30 weather station. Hourly reference evapotranspiration (ET 0 ) for a grass crop was calculated from this data using the Food FIGURE 3 Green versus grey landscapes: (a) Cherry Branch drive catchment, a "grey" landscape with curb-and-gutter stormwater conveyance system; (b) Foreman Blvd catchment, a "green" landscape with vegetated swales as the stormwater conveyance and Agriculture Organization Penman-Monteith equation (Allen, Pereira, Raes, & Smith, 1998) . When data were missing for calculating and the end of the monitoring period on December 28. The change in interval was due to a movement in the sensor location on the monitoring weir after it had deteriorated from being knocked out of alignment multiple times. Data collected after the sensor move were calibrated to the original sensor location using a new rating curve. We refer to flow measured at the storm sewer outlet of each neighbourhood as catchment runoff. Catchment runoff is reported as area-normalized amounts (as depth in millimetre for volume) to compare catchments.
| Data analysis
We used the record of 5-min precipitation data collected at the weather station between the four catchments to isolate individual precipitation events in order to compare runoff responses at each of the catchments. Individual events were defined using a 1-hr minimum interevent time (MIT), where there must be at least 1 hr of no flow response following a precipitation event but prior to the start another precipitation event. This contrasts with the often used 6-hr MIT (Driscoll, Palhegyi, Strecker, & Shelley, 1989; Dunkerley, 2008) . However, the 1-hr MIT follows Jarden et al. (2015) , which used a smaller storm interval due to the flashy nature of small neighbourhood-sized suburban/urban catchments with high levels of imperviousness. The 1-hr MIT was compared with a 6-hr MIT, in which there were multiple instances in which one rainfall event resulted in several distinct runoff responses at one catchment, aggregating the runoff responses. This problem was avoided by using the 1-hr MIT, a process similar to that used by Fanelli, Prestegaard, and Palmer (2017) , although they used a 5-hr MIT.
For each precipitation event, the following rainfall characteristics were calculated: depth (mm), maximum 5-min intensity (mm/5 min), average intensity (mm/hr), event duration (hr), time since previous event (hr), and 6-hr, 12-hr, 24-hr, 2-day, 3-day, and 7-day antecedent precipitation (mm) and antecedent ET 0 to evaluate variability in runoff responses across events. Each precipitation event was given an antecedent wet/dry condition, where the event was wet if the 3-day antecedent precipitation exceeded the 3-day antecedent ET 0 , otherwise the event was dry. Using this criterion, 53 events' antecedent conditions were classified as "dry" and 19 as "wet."
All events with greater than a trace amount of rainfall recorded were included (i.e., the lowest amount recorded by the gauge, 0.254 mm). For each rainfall metric, we compared the event distribution across catchments using nonparametric Kruskal-Wallis tests to assess the representativeness of event characteristics successfully monitored as runoff at each catchment. This was necessary because runoff was not successfully measured for each catchment and precipitation event combination. Catchment-level comparisons require that each site received comparable precipitation.
The 5-min flow data were used to estimate the runoff from each catchment for each rainfall event. Exclusions to the runoff record were made where monitoring problems were noted in the field or visual inspection of hydrographs identified unrealistic behaviour (e.g., linear increases in flow rate or constant flow rate for extended durations).
Runoff volumes were calculated as the summed product of measured flow rates and measurement interval.
Each runoff response was matched to the rainfall event that started prior to, but closest to, the beginning of the given runoff event.
The rainfall-runoff matches were used to calculate seven runoff response metrics per event: area-normalized runoff volume (mm), runoff ratio (runoff/precipitation), peak flow rate (mm/5 min), hourly flow rate (mm/hr), and four measures of runoff lag (centroid lag-to-peak, centroid lag, lag-to-peak, and peak lag-to-peak) described in Hood, Clausen, and Warner (2007) . Centroid lag-to-peak is the time from the precipitation hyetograph (i.e., a graphical representation of the distribution of rainfall over time) centroid to the time of peak runoff.
Centroid lag is the time from the precipitation hyetograph centroid to the centroid of the runoff hydrograph. Lag-to-peak is the time from the start of the precipitation event to the time of peak runoff. Peak lag-to-peak is the time from the peak rainfall intensity to the peak runoff. In the case where there was no runoff response following a precipitation event, the peak time was set to equal the event duration, and the runoff centroid was set to equal half of the event duration.
Runoff, peak runoff, runoff ratio, and lag metrics were compared across green (Foreman Blvd) and grey (Blue Sky, Cherry Branch, and Robin Song) catchments using nonparametric Kruskal-Wallis rank tests. The post hoc Conover-Iman (Conover & Iman, 1979) pairwise comparison test was used if the Kruskal-Wallis test null hypothesis (no differences across catchments) was rejected at α = 0.05. The
Benjamini-Hochberg adjustment to Conover-Iman was used to control false discovery rate (Benjamini & Hochberg, 1995) . The nonparametric tests were completed using the R conover.test v1.14 package. Differences in lag metrics across catchments were evaluated using pairwise
Wilcoxon signed rank tests following Jarden et al. (2015) . Finally, the relationship between rainfall metrics and flow response metrics at each catchment was determined using Spearman's rank correlation (ρ).
| Comparison with rainfall-runoff models
Runoff ratio measurements were compared with model simulations from two stormwater models: the U.S. Environmental Protection Agency National Stormwater Calculator (NSWC; Rossman, 2013 ) and the U.S. Environmental Protection Agency Storm Water Management Model (SWMM) v5.1.012 (Rossman, 2015) . The NSWC is a screening tool that estimates stormwater runoff based on localized and standardized input datasets for parameters such as slope and saturated hydraulic conductivity, using SWMM with Green-Ampt infiltration as its engine (Schifman, Tryby, Berner, & Shuster, 2018 Excluding Hurricane Sandy and trace events, the mean rainfall event size ± one standard deviation (SD) was 8.3 ± 12.6 mm (median 3.8 mm). The mean maximum 5-min intensity was 1. 
| Runoff response
Runoff responses including runoff depth, runoff ratio, and peak runoff were examined across the four catchments (Table 2) . Across the monitoring period, the total runoff ratios were 0.37 (Blue Sky), 0.35 (Cherry Branch), 0.13 (Foreman Blvd), and 0.18 (Robin Song), excluding Hurricane Sandy. Kruskal-Wallis tests indicated that mean runoff ratio, runoff depth, and the mean peak flow rate were significantly different across catchments (p < .001 for all metrics). Conover-Iman pairwise differences are shown at α = 0.05 in Table 2 . All results were produced using the 1-hr MIT, but the 6-hr MIT was also analysed and was similar in terms of significant differences in the Conover-Iman tests and contrasts in runoff responses between sites.
Blue Sky and Cherry Branch runoff depths, runoff ratios, and peak flow rates were consistently larger than Robin Song, and all three of these grey catchments' runoff characteristics were greater than Foreman Blvd.
Conover-Iman pairwise differences showed the grey landscape catchments' runoff depth responses are similar to each other, whereas the GI catchment (Foreman Blvd) was different from the grey catchments.
The contrast between the green and grey catchments is apparent when comparing cumulative distribution functions and boxplots of runoff ratio across all monitored precipitation events (Figure 4 ). Differences identified by the Conover-Iman test (Table 2) Using the threshold of 6 mm of precipitation, the events were split into two groups to determine if Foreman Blvd still performs differently during events where runoff is produced from the vegetated swales. Runoff amounts, runoff ratio, and peak flow rates were lower at Foreman Blvd for both precipitation events that were less than and greater than 6 mm ( Table 3 ). The only exception was mean peak flow rates for events greater than 6 mm, which were lower at Robin Song than Foreman Blvd. However, this is skewed by a few larger precipitation events where Foreman produced greater runoff peaks. The (Robin Song).
| Individual event comparison
The comparison of runoff volumes for individual events indicates how the decentralized SCM network at Foreman Blvd performed relative to grey infrastructure on an event-by-event basis (Figure 7 ). Total event runoff amounts between catchments was compared for those events where runoff was successfully monitored at Foreman Blvd 
| Lag time response
Lag time responses throughout the monitoring period were consistently longer at Foreman Blvd compared with the grey catchments.
Pairwise differences between Foreman Blvd and the three grey catchments are shown in Table 4 for centroid lag, centroid lag-to-peak, lagto-peak, and peak lag-to-peak. This table includes only events where runoff commenced at Foreman Blvd, which was less than half of the events within the monitoring period. Figure 8 shows boxplots of the four catchments' lag time responses for precipitation events greater than 6 mm. Given the longer lag times, the vegetated swales in Foreman Blvd slowed flows when compared with the curb-and-gutter Spearman's rank correlations between all antecedent precipitation measures and the four lag measures were not significant at those catchments (Tables S1, S2 , and S4). However, the correlations were negative and significant at Foreman Blvd for centroid lag and lag-topeak at α = 0.05 and near significance for the remaining lag measures (significant at α = 0.1), although these correlations were still weak (ρ between −0.2 and −0.27 for 24-hr antecedent precipitation for the lag measures; Table S3 ). Meanwhile, precipitation magnitude and intensity measures were often significantly negatively correlated with the lag measures at all catchments (greater magnitude and intensity resulted in shorter lag times). Spearman's rank correlation results are presented in Tables S1 through S4 .
| Hurricane Sandy
During the monitoring period, there was a single precipitation event,
Hurricane Sandy, which resulted in 169 mm of rainfall over 49 hr. It had not rained in the previous 9 days. Monitoring was successful at three catchments; the flow meter at Cherry Branch was knocked out of place during the event and did not record data. Figure 9 shows the event characteristics, including precipitation hyetograph, cumulative precipitation, runoff hydrograph, and cumulative runoff. Although there is a pronounced peak in precipitation near the halfway point of the event duration, the precipitation intensity was consistent and relatively low for long periods of time (Figure 9a ).
Hurricane Sandy provided an opportunity to demonstrate the Foreman Blvd vegetated swales' performance over the course of a consistent, high volume precipitation event. The infiltration capacity was exceeded, and runoff began after approximately 25 mm of rainfall, which occurred about 8 hr after the initiation of runoff at Blue Sky and Robin Song. However, the cumulative runoff at Foreman quickly surpassed the amounts measured at either of the grey catchments and then receded as precipitation intensity fell. The total runoff for Blue Sky, Foreman Blvd, and Robin Song was 135 mm (0.74 runoff ratio), 126 mm (0.69 runoff ratio), and 97 mm (0.53 runoff ratio), respectively. Differences in lag measures across the catchments reflected these runoff ratios; higher runoff ratios were reflected in shorter lag times. For example, the lag-to-peak was 1,045 min at Blue Sky (which had the largest runoff ratio), whereas the lag-to-peak for Foreman Blvd and Robin Song were 1,590 and 1,650 min, respectively. Peak lag-to-peak was similar, with values of 10, 555, and 615 min for Blue Sky, Foreman Blvd, and Robin Song, respectively.
Hurricane Sandy (a) precipitation hyetograph, (b) cumulative precipitation, (c) runoff hydrograph, and (d) cumulative runoff
| Comparison with rainfall-runoff models
Total runoff ratio over the monitoring period is compared with SWMM and NSWC runoff ratios in Table 5 . Both models capture the trends in runoff ratio, with Foreman Blvd having the least runoff, followed by Robin Song. The models also capture the similarity in Blue Sky and Cherry Branch. NSWC runoff ratios (20-year long-term average) are at least double those of the observations, whereas the SWMM runoff ratios are greater than observations for the grey catchments, but SWMM's Foreman Blvd predictions match well for the monitoring period. SWMM also modelled Hurricane Sandy relatively well for the grey catchments as compared with Foreman Blvd: about 25% error at Blue Sky and Robin Song, and SWMM simulated 6 times less runoff than what was observed.
Although both models captured the relative differences between runoff at the catchments, and potential benefits of parcel-level vegetated swales, they overpredicted the amount of catchment runoff.
For the NSWC, this may be appropriate given that it is a screeninglevel tool. Schifman et al. (2018) acknowledged the uncertainty with respect to the standardized parameters for soil hydraulic conductivity, which could be used to calibrate or perform uncertainty analysis. In SWMM, creating models with greater detail, such as several delineated subcatchments, and performing calibration and parameter uncertainty analysis (both event-based and continuous simulations) on flow width, soil, and slope variables would certainly improve model performance with respect to observations (e.g., Rosa, Clausen, & Dietz, 2015) . Field data for soils would be critical for improving simulations, given the uncertainty in interpolated Soil Survey Geographic data and potential for changes in soils because of the development process.
4 | DISCUSSION
| Green versus grey landscapes
For most measures of runoff response, there were significant differences between observations at Foreman Blvd and the traditional curb-and-gutter grey infrastructure catchments (Table 2) . Flow rates and volumes were much lower for most rainfall events (Figure 4) , indicating that the decentralized SCM strategy (i.e., parcel-level vegetated swales) performed as intended and is an effective way to meet stormwater reduction goals, at least for small, frequent precipitation events.
The spatial arrangement of green space at Foreman Blvd that disconnects the impervious surfaces of the roofs, driveways, and streets during most storm events is sufficient for reducing the runoff ratio to values similar to those observed in forested catchments (Barthold & Woods, 2015; Loperfido, Noe, Jarnagin, & Hogan, 2014) , rather than what would be expected for a catchment with nearly 50% impervious surfaces. Previous studies have found associations between even low levels of impervious cover (3-14%; Vietz et al., 2014; Walsh, Fletcher, & Burns, 2012) and downstream hydrologic impacts and have estimated that runoff volumes under changing precipitation regimes will be more sensitive to increases in impervious cover than to precipitation volume or event intensity (Pyke et al., 2011) . However, at Foreman Blvd, which has 48% impervious cover and cultivated grass for the remainder, runoff ratios were very low, and often zero, for all but the largest storm events (Figures 5 and 6 ). This finding supports the idea that changes in the spatial distribution (Lim & Welty, 2017; Mejia & Moglen, 2010) and drainage network structure (Meierdiercks, Smith, Baeck, & Miller, 2010) of green space through parcel-level SCMs such as rain gardens, rain barrels, and downspout disconnections (Carmen et al., 2016; Dietz & Clausen, 2008; Shuster & Rhea, 2013) or vegetated swales, as in the present study, can reduce the hydrologic effects of a given level of impervious cover on runoff, at least for small events. At a larger scale, Loperfido et al. (2014) found that a watershed with decentralized BMPs and 30% impervious cover had greater water storage rates for precipitation events greater than approximately 10 mm compared with watersheds with more centralized BMPs, including one with only 14% impervious cover.
There were also differences in the hydrologic responses among the grey catchments, even though their physiographic characteristics are very similar (land use/land cover, topography, soils, etc.). Runoff magnitude, ratio, and peak flows were significantly lower at Robin Song than at either Blue Sky or Cherry Branch (Table 2 and Figure 4 ). The major differences between Robin Song and Blue Sky/Cherry Branch are soil type (Robin Song soils are in hydrologic soil Group B, with greater infiltration rates when thoroughly wetted as compared with the C soils at Blue Sky and Cherry Branch), catchment shape (Robin Song has a W:L ratio greater than one, whereas the other catchments' W:L are less than one), storm sewer density (Blue Sky has twice the storm sewer density as Robin Song and 13 times the density as Cherry Branch), and roof connections (most roofs in Cherry Branch and Blue Sky are directly connected to the street through downspouts and driveways; Table 1 ). In addition, Robin Song contains tributary streets, whereas Blue Sky and Cherry Branch are each configured only as a main stem street. We hypothesize that these differences are the cause of the lower runoff, runoff ratio, and peak runoff at Robin Song, bringing it closer in function to Foreman Blvd during larger precipitation events (Table 3 and Figure 6 ).
There were significant differences between green and grey landscape catchments for all lag time measures between precipitation and discharge (Table 4 and Figure 8 ). These findings are similar to Hood et al. (2007) , which found increases in centroid lag time for LID relative to traditional stormwater. The vegetated swales at Foreman Blvd influenced both the shape and total volume of the runoff hydrograph given these differences in lag time and runoff magnitude between green and grey catchments. For most events, the vegetated swales are infiltrating rather than just detaining and delaying runoff, resulting in a delayed peak flow, longer lag, and lower volume relative to curb-and-gutter infrastructure. However, these delays are not present during extreme precipitation events, such as Hurricane Sandy (Figure 9 ).
| Variability in performance
Catchment differences in stormwater infrastructure resulted in large differences in runoff responses. Within a single catchment, variability in performance was primarily associated with the depth of rainfall events and mean rainfall intensity. Maximum 1-hr rainfall intensity was correlated with event size and could be contributing to differences in runoff responses as well. Mean rainfall intensity explained some of the variability in peak flow rates across catchments based on Spearman rank correlations (Tables S1 through S4 The relationship between event size and runoff ratio at Foreman
Blvd suggests that after infiltration capacity is exceeded, the vegetated areas act like stormwater conveyances and produce saturation excess flow. Examining paired rainfall events, Foreman Blvd's runoff response is more similar to the grey catchments with increasing runoff (Figure 7 ). This effect was hypothesized by Gallo, Moore, and Wywrot (2012) ; small scale infiltration-based SCMs may only be effective in managing small events in certain regions based on rainfall typologies.
Therefore, the effective amount of impervious cover (hydrologic connectivity) varies by event and is not a static characteristic of the landscape.
There is also evidence from studies on individual infiltration-based stormwater control structures suggesting that they have the capacity to reduce significant volumes of runoff during even large events (>25 mm; Lewellyn, Lyons, Traver, & Wadzuk, 2015; Xiao & McPherson, 2011) . However, this was not the case here, as Foreman
Blvd runoff responses were similar to those of the grey catchments at those during events that produced large volumes of runoff ( Figure 7 ). This is consistent with A. P. Davis, Stagge, Jamil, and Kim (2012) , who found that field-scale grass swales' ability to attenuate runoff diminished for rainfall events greater than 30 mm. We found the breakpoint at which runoff characteristics are similar to the grey infrastructure catchments to be 6 mm (Table 3 and Figure 5 ), but we hypothesize that it is likely much greater than this. For example, there were only six monitored events with greater than 2 mm of runoff at Foreman Blvd; these events all had rainfall greater than 20 mm. Runoff ratios ranged from 0.07 to 0.53 for these events. We cannot draw statistical conclusions regarding the differences between green and grey catchments at this precipitation magnitude because of the limited number of events that were greater than 20 mm in magnitude.
The runoff response at Foreman Blvd was even larger than the grey catchments in the case of Hurricane Sandy ( 
| Implications
Development with distributed landscape SCMs such as street-connected vegetated swales could offset some impacts associated with a shifting distribution of rainfall event sizes and intensities. The decentralized vegetated swales reduced runoff volume and flow rate in suburban, neighbourhood-scale catchments for most rainfall events compared with traditional curb-and-gutter stormwater systems. However, the green landscape was comparable with the grey landscapes for large precipitation events (those greater than 20 mm), which accounted for 36% of the rainfall in the monitoring period. Nevertheless, decentralized landscape SCMs may mitigate many of the negative effects of urban and suburban development on downstream ecosystems through reductions in flow rates that contribute to high erosion rates and frequent scouring (Hawley, Wooten, MacMannis, & Fet, 2016) . The implication for stormwater management is that infiltration-based SCMs, such as parcel-level swales, result in a reduction of runoff volume and peak runoff while lengthening of runoff lag times compared with more traditional stormwater management designs.
Disconnecting impervious surfaces from the stormwater drainage network affected the flux of water draining from suburban catchments for most storm events by reducing hydrologic connectivity, until infiltration capacity was exceeded. When infiltration capacity was exceeded in large storm events, the decentralized SCMs emulated traditional curb-and-gutter systems. Antecedent conditions did not affect runoff ratios or lag conditions, likely due to the extent of impervious surfaces throughout the catchments. The continued effectiveness of vegetated swales in reducing runoff will therefore depend not only on maintaining infiltration capacity at each catchment but also on the size and intensity of rainfall events experienced. Our results indicate the need to investigate rainfall-runoff relationships over a wider range of SCM designs, spatial arrangements, and redundancies at the catchment scale to distinguish the hydrologic functions of infrastructure units and distributed designs that decrease effective impervious cover in targeted areas.
| CONCLUSIONS
This research adds to a limited number of studies (e.g., Jarden et al., 2015) that have examined real-world neighbourhood/small catchment scale SCMs and their impact on stormwater runoff. We assessed a suburban development stormwater management strategy, with catchments representative of the approaches implemented by Montgomery County, MD, to control the maximum extent of impervious surface coverage and limit the impact of development on local water resources. One neighbourhood installed decentralized SCMs in the form of street-connected vegetated swales on each parcel for conveying stormwater runoff, and the remaining neighbourhoods utilized traditional curb-and-gutter conveyances. Our focus was to validate the expected contrast between these two strategies in influencing runoff at the outlet of each neighbourhood catchment. The vegetated swales throughout one neighbourhood demonstrate the utility of decentralized landscape SCMs, but they are not a comprehensive solution to stormwater management.
The decentralized parcel-scale vegetated swales infiltrated more stormwater and disconnected impervious surfaces for the majority of rainfall events, reduced runoff peaks, and increased stormflow lag times for high-frequency, low intensity storms. As storm event size increased, the hydrologic response of the catchment with decentralized landscape SCMs was similar to the curb-and-gutter systems, defining a threshold response above which the vegetative swales were ineffective. The events in which these SCMs were ineffective were typically high intensity and magnitude events. With the potential for more high intensity and magnitude storms, vegetated swales as a single SCM will likely be inadequate for a greater number of precipitation events and greater proportion of annual precipitation.
We hypothesize that coupling decentralized SCMs such as residential parcel-level vegetated swales with redundant SCMs at the catchment outlet will be required to capture and infiltrate a larger range of rainfall events (small and large and low intensity and high intensity) and move towards achieving predevelopment hydrology goals.
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